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Edited by Frances ShannonAbstract Nuclear factor of jB (NF-jB) is a major transcrip-
tion factor regulating the expression of interleukin-2 (IL-2)
and interleukin-2 receptor-a (IL-2Ra) in Th1 cells. We previ-
ously demonstrated that zinc increased IL-2 and IL-2Ra produc-
tion via NF-jB activation in HUT-78 (Th0) cells. However, the
molecular mechanism is not well understood. In this study, we
found that zinc increased phosphorylated IjB-a, NF-jB translo-
cation and activation, as well as the production of IL-2 and IL-
2Ra in wild type IjB gene transfected zinc-suﬃcient HUT-78
cells, compared to zinc-deﬁcient HUT-78 cells. However, domi-
nant negative IjB gene expression decreased these parameters in
zinc-suﬃcient cells, suggesting that zinc increased NF-jB activa-
tion via IjB pathway.
 2007 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Zinc plays important roles in various biochemical and
physiological functions. Zinc is well known to participate in
activation of approximately 300 enzymes [1]. Some of these
zinc-dependent enzymes are involved in DNA synthesis, cell
division, and protein synthesis. Zinc is also required to
stabilize three dimensional structures of over 2000 transcrip-
tion factors including ‘‘the zinc-ﬁnger’’ proteins, which are
involved in the gene expression of various growth factors
and steroid receptors [1,2].
Nuclear factor of jB (NF-jB) is a major transcription factor
that regulates multiple inﬂammatory and immune function
genes such as Th1 type cytokines, interleukin-2 (IL-2) and
interleukin-2 receptor-a (IL-2Ra) [3,4]. NF-jB is normally
held in the cytoplasm in an inactive form bound to inhibitory
protein of NF-jB (IjB), of which several types are recognized,
such as IjB-a, IjB-b, IjB-c, Bcl-3 among which IjB-a plays a
critical role on NF-jB activation [3,4]. NF-jB activation is
associated with phosphorylation of IjB. The phosphorylationAbbreviations: NF-jB, nuclear factor of jB; IjB, inhibitory protein of
NF-jB; IKK, IjB kinase; IL-2, interleukin-2; IL-2Ra, interleukin-2
receptor-a; PMA, phorbol-12 myristate 13 acetate; PHA, phytohem-
agglutinin-p
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kinases such as IjB kinase (IKK) and dissociation of IjB from
NF-jB exposes nuclear localization signals on NF-jB pro-
teins, resulting in their rapid translocation to the nucleus,
where they bind to cis-acting Rel binding (jB) sites with the
consensus sequence 5 0-GGGATTTCAC-3 0 [3,4].
NF-jB proteins do not have zinc ﬁnger domain structure in
the sequence of its amino acids. X-ray crystallographic study
shows that zinc is not present in the DNA-(p50)2 binding com-
plex [4]. However, NF-jB activation is zinc dependent [5,6]. In
our previous report [7,8], we observed that 15 lM zinc (phys-
iologic level) increased NF-jB activation and the production
of IL-2 and IL-2Ra in HUT-78 cells (Th0 human malignant
lymphoblastoid cells). Zinc also increased the expression of
NF-jB p105 (precursor of p50), but not p65, and induced
phosphorylation of IjB-a in HUT-78 cells [7]. The information
regarding the mechanism of zinc action on NF-jB/IjB is, how-
ever, limited.
In the present study, we demonstrate that zinc increases NF-
jB activation not only by increasing NF-jB p50 protein,
DNA-p50 cross-linking, and IKK-a protein, but also via
increasing IjB phosphorylation in HUT-78 cells. In addition,
the increase in phosphorylated IjB-a protein, NF-jB activa-
tion and translocation, and the production of IL-2 and
IL-2Ra in zinc-suﬃcient HUT-78 cells were inhibited by
dominant negative (DN) IjB gene transfection, suggesting
the critical role of IjB phosphorylation in NF-jB activation
in HUT-78 cells.2. Materials and methods
Cell culture. Zinc-deﬁcient medium was prepared by removing zinc
from the fetal bovine serum (FBS) used with RPMI-1640 medium
for cell culture, as described in our previous publications [7,8]. These
preparations of zinc-deﬁcient and zinc-suﬃcient media diﬀer only in
their zinc content. HUT-78 (Th0) cells (the National Institute of AIDS)
were maintained in RPMI-1640 culture medium, as described previ-
ously [7,8]. Cellular zinc was analyzed by ﬂameless atomic absorption,
according to our previously established procedure [8,9]. To initiate an
experiment, 5 · 105 cells/mL of HUT-78 cells were seeded in either
zinc-deﬁcient (1 lM) or zinc-suﬃcient (15 lM) medium for 4 days to
develop zinc-deﬁcient and zinc-suﬃcient conditions, followed by phor-
bol-12 myristate 13 acetate (PMA)/phytohemagglutinin-p (PHA) stim-
ulation [7–9].
Western blot analysis. After stimulation with 5 ng/mL PMA and
10 lg/mL PHA, zinc-deﬁcient or zinc-suﬃcient cells were harvested
for Western analysis, as described previously [7,8].
Gene transfection and luciferase assay. To investigate the eﬀect of
zinc on NF-jB activation, zinc-treated cells were transfected
with NF-jB-driven luciferase reporter gene vector using LipoTAXIation of European Biochemical Societies.
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transient transfection technique. b-gal control vector was transfected
in parallel in luciferase reporter experiments to normalize against b-
galactosidase activity for data analysis, as described previously [7,8].
Co-transfection of IjB cDNA expression vector. To examine if IjB
degradation was aﬀected by zinc and if this was responsible for the nu-
clear translocation of NF-jB and its binding to DNA, we transfected
wild type (WT) and dominant negative (DN) IjB cDNA expression
vector to zinc-deﬁcient and zinc-suﬃcient HUT-78 cells. DN IjB
expression vector (CLONTECH, Palo Alto, CA) with S32A/S36A
mutations render the IjB protein non-phosphorylatable, and constitu-
tively not degradable. The transfection of DN IjB sequesters NF-jB in
cytoplasm preventing its translocation to nucleus. It therefore, stays
constitutively in complex with NF-jB and completely ablates NF-jB
signaling in HUT-78 cells. The transfection was conducted, as de-
scribed above. After 48 h of transfection, the zinc-treated tansfectants
were stimulated with PMA/PHA for 3 h, then harvested for either
EMSA or confocal microscopy study, as described below. The culture
media were collected for IL-2 and IL-2Ra assays by ELISA kits (R&D
Sysytems).
Nuclear extraction and electrophretic mobility shift assay (EMSA).
Nuclear proteins from zinc-deﬁcient and zinc-suﬃcient HUT-78 cells/
transfectants were extracted according to the techniques described pre-
viously [7,8]. EMSA for NF-jB DNA binding activity was conducted
as previously described [7,8].
Confocal imaging microscopy study. Zinc-deﬁcient and zinc-suﬃcient
HUT-78 cells without or with the transfection of WT or DN IjB
expression vector were harvested for confocal microscopy study [7].
The samples were visualized by Confocal Imaging using a Zeiss
LSM-310 microscope. Red was visualized with 543 nm laser and blue
with 364 nm laser.
Statistical analysis. Data were expressed as the mean and standard
deviation by three separate experiments. The diﬀerences between
zinc-deﬁcient and zinc-suﬃcient groups were determined using the Stu-
dent’s t-test. The P values less than 0.05 were considered to be statis-
tically signiﬁcant.Zinc     - - - -
0h  1.5h 3h 6h
+ + + +
Fig. 1. Cellular zinc contents, IKK-a, and NF-jB activation in zinc-
treated HUT-78 cells. The cells were incubated either in zinc-deﬁcient
or in zinc-suﬃcient medium for 4 days for measurement of cellular zinc
content by atomic absorption spectrophotometry (A). The levels of
IKK-a (B) and NF-jB activation (C) were measured in zinc-deﬁcient
and zinc-suﬃcient cells at diﬀerent times of PMA/PHA stimulation by
Western analysis and luciferase assay, respectively.3. Results
The baseline of the cellular zinc content of the cells incu-
bated in normal medium (without chelated FBS) was 268.5 ±
2.2 lg/1010 cells (Mean ± S.D.) (Fig. 1A). After 4 days of
incubation in zinc-deﬁcient and zinc-suﬃcient media, the
cellular zinc contents were 103.5 ± 47.4 and 248.0 ± 11.4 lg/
1010 cells, respectively (P < 0.05). These data suggest that the
HUT-78 cells achieved zinc-deﬁcient status after 4 days of
incubation in zinc-deﬁcient medium.
We examined the eﬀect of zinc on the relative level of IKK-a
protein and NF-jB activation at diﬀerent periods of PMA/
PHA stimulation. The results show that the level of IKK-a
was signiﬁcantly increased in the cells, after PMA/PHA stimu-
lation, as peaked at 3 h. Compared to zinc-deﬁcient cells,
zinc-suﬃcient cell had a signiﬁcant increase in the relative level
of IKK-a protein after PMA/PHA stimulation (P < 0.05)
(Fig. 1B). Similar results were observed in NF-jB activation
by luciferase reporter gene assay (Fig. 1C).
We examined the eﬀect of DN IjB expression vector on
phosphorylated IjB-a, NF-jB activation, NF-jB transloca-
tion after PMA/PHA stimulation in zinc-deﬁcient and zinc-
suﬃcient cells. Fig. 2 shows that the relative level of phosphor-
ylated IjB-a protein was signiﬁcantly increased after PMA/
PHA stimulation in WT IjB gene-transfected zinc-suﬃcient
cells, compared to that of WT gene transfected zinc-deﬁcient
cells (P < 0.05). The relative level of phosphorylated IjB-a
protein was signiﬁcantly decreased in DN IjB genetransfected
zinc-suﬃcient cells, compared to that of WT gene transfected
zinc-suﬃcient cells (P < 0.05). However, there was no signiﬁ-cant diﬀerence in the relative level of phosphorylated IjB-a
protein between zinc-deﬁcient and zinc-suﬃcient cells after
DN IjB gene transfection (P > 0.05). Similar results of NF-
jB activation were observed by EMSA and reporter gene lucif-
erase assays in IjB gene transfected HUT-78 cells (Fig. 3). The
NF-jB DNA binding activity by EMSA and luciferase repor-
ter gene assay was signiﬁcantly increased after PMA/PHA
stimulation in the control (non-gene transfected) and WT
IjB gene transfected zinc-suﬃcient cells, compared to those
of the control and WT gene transfected zinc-deﬁcient cells
(Fig. 3) (P < 0.05). The NF-jB DNA binding activity was sig-
niﬁcantly decreased in DN IjB gene transfected zinc-suﬃcient
cells, compared to that of the control and WT gene transfected
zinc-suﬃcient cells (Fig. 3) (P < 0.05). However, there was no
signiﬁcant diﬀerence in the NF-jB DNA protein binding activ-
ity between zinc-deﬁcient and zinc-suﬃcient cells with DN IjB
gene transfection (P > 0.05).
The eﬀect of DN IjB expression vector on the translocation
of NF-jB in zinc-deﬁcient and zinc-suﬃcient HUT-78 cells is
shown in the Fig. 4. At 3 h of PMA/PHA stimulation, the
translocation of NF-jB p50 from the cytosolic compartment
to the nuclear compartment was increased in the control
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Fig. 3. Eﬀect of DN IjB vector on NF-jB activation in zinc-treated
HUT-78 cells. Zinc-deﬁcient and zinc-suﬃcient HUT-78 cells were co-
transfected with either WT or DN IjB expression vector and NF-jB
driven luciferase gene vector, followed by 3h of PMA/PHA stimula-
tion. The transfectants were harvested for NF-jB activation by either
EMSA or luciferase assay. The lanes 1 and 2 represent zinc-deﬁcient
and zinc-suﬃcient cells, respectively, without IjB gene transfection.
The lanes 3 and 4 represent the WT IjB vector and DN IjB vector
transfectants of zinc-deﬁcient cells, respectively. The lanes 5 and 6
represent the WT IjB vector and DN IjB vector transfectants of zinc-
suﬃcient cells, respectively. The lanes 7 and 8 represent the positive
and competition control, respectively. *Indicates pg/100 units b-
galactosidase/100 lg protein.
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Fig. 2. Eﬀect of DN IjB vector on phosphorylated IjB in zinc-treated
HUT-78 cells. Zinc-deﬁcient and zinc-suﬃcient HUT-78 cells were
transfected with either WT or DN IjB expression vector, followed by
3h of PMA/PHA stimulation. The transfectants were harvested for
Western analysis of phosphorylated IjB (p-IjB). The lanes 1 and 2
represent the WT IjB vector transfectants of zinc-deﬁcient and zinc-
suﬃcient cells, respectively. The lanes 3 and 4 represent the DN IjB
vector transfectants of zinc-deﬁcient and zinc-suﬃcient cells, respec-
tively.
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the control zinc-deﬁcient cells (without gene transfection)
(Fig. 4A and B). Similar results were found in the WT IjB gene
transfected HUT-78 cells. The results show that zinc increased
the translocation of NF-jB in PMA/PHA stimulated HUT-78
cells (Fig. 4C and D). However, the WT IjB gene expression
decreased the translocation of NF-jB in zinc-suﬃcient cells
(Fig. 4E and F).
We also examined the eﬀect of DN IjB expression vector on
IL-2 and IL-2Ra production after PMA/PHA stimulation in
zinc-treated cells. The results show that the concentrations of
IL-2 in the culture media were 558.6 ± 55.5 and 934.6 ±
190.0 pg/mL (zinc-deﬁcient vs zinc-suﬃcient) after 3 h of
PMA/PHA stimulation in HUT-78 cells without gene trans-
fection (P < 0.05) (Fig. 5A). The concentrations of IL-2 were
585.3 ± 97.2 and 1084.7 ± 153.5 pg/mL (zinc-deﬁcient vs zinc-
suﬃcient) after 3 h of PMA/PHA stimulation in HUT-78 cells
with WT IjB gene transfection (P < 0.05) (Fig. 5A). However,
the concentrations of IL-2 in the culture media were
505.3 ± 130.3 and 712.7 ± 105.4 pg/mL (zinc-deﬁcient vs zinc-
suﬃcient) after PMA/PHA stimulation in HUT-78 cells with
DN IjB gene transfection (Fig. 5A). Compared to non-gene
transfected and WT gene transfected zinc-suﬃcient cells, DN
gene transfected zinc-suﬃcient cells signiﬁcantly decreased
the production of IL-2 after PMA/PHA stimulation (P <
0.05), which indicates that the DN IjB expression decreased
IL-2 production in zinc-suﬃcient cells.
Similar results were observed in the production of soluble (s)
IL-2Ra in HUT-78 cells. The concentrations of sIL-2Ra in the
culture media were 82.6 ± 5.5 and 142.7 ± 19.5 pg/mL (zinc-
deﬁcient vs zinc-suﬃcient) after 3 h of PMA/PHA stimulation
in HUT-78 cells without gene transfection (P < 0.05). The con-
centrations of sIL-2Ra were 87.3 ± 7.6 and 154.7 ± 18.9 pg/
mL (zinc-deﬁcient vs zinc-suﬃcient) after 3 h of PMA/PHA
stimulation in HUT-78 cells with the WT IjB gene transfec-
tion (P < 0.05). However, the concentrations of sIL-2Ra were70.3 ± 34.2 and 89.3 ± 17.5 pg/mL (zinc-deﬁcient vs zinc-suﬃ-
cient) after PMA/PHA stimulation in HUT-78 cells with the
DN IjB gene transfection (Fig. 5B). Compared to non-gene
transfected and WT gene transfected zinc-suﬃcient cells, the
production of sIL-2Ra was signiﬁcantly decreased in zinc-suf-
ﬁcient cells transfected with the DN IjB gene after PMA/PHA
stimulation (Fig. 5B) (P < 0.05).4. Discussion
We have previously demonstrated that zinc increased NF-jB
activation and the production of IL-2 and IL-2Ra in T-helper
(HUT-78) cells [7,8]. Zinc supplementation to zinc-deﬁcient
elderly subjects signiﬁcantly increased NF-jB DNA protein
binding activity and the relative levels of IL-2 and IL-2Ra
mRNAs in PHA-stimulated mononuclear cells (MNC) [10].
Anti-sense NF-jB p105 mRNA decreased the production of
IL-2 and IL-2Ra in zinc-suﬃcient HUT-78 cells [8]. Thus, zinc
increases the production of IL-2 and IL-2Ra, via NF-jB acti-
vation. The detailed mechanism by which zinc regulates the
expression of IL-2 and IL-2Ra via NF-jB is, however, not well
understood.
Fig. 4. Eﬀect of DN IjB expression on translocation of NF-jB p50 in zinc-treated HUT-78 cells. Zinc-deﬁcient and zinc-suﬃcient HUT-78 cells were
transefected with either WT or DN IjB expression vector and then exposed to PMA/PHA for 3 h. Confocal images were prepared to show cytosolic
NF-jB (red) and nuclear NF-jB (blue) and the co-localization of NF-jB DNA binding in the nucleus (pink). (A,B) PMA/PHA-stimulated zinc-
deﬁcient and zinc-suﬃcient cells, respectively; (C,D) PMA/PHA-stimulated zinc-deﬁcient and zinc-suﬃcient cells with WT IjB gene transfection,
respectively; (E,F) PMA/PHA-stimulated zinc-deﬁcient and zinc-suﬃcient cells with DN IjB gene transfection, respectively. The results show that
zinc increased the translocation of NF-jB in PMA/PHA stimulated HUT-78 cells. In the presence of WT IjB gene expression, NF-jB p50
translocation was decreased in zinc-suﬃcient cells while transfection with DN IjB gene enhanced translocation of NF-jB.
4510 B. Bao et al. / FEBS Letters 581 (2007) 4507–4511Zabel and associates showed that NF-jB DNA binding was
speciﬁcally blocked by the chelating agent 1:10-ortho-
phenanthroline (zinc speciﬁc chelator) and could only be
reconstituted by addition of zinc [6]. Otsuka and associates
examined the eﬀects of four novel heterocyclic chelator com-
pounds [1–4] comprising (dimethylamino) pyridine and histi-
dine units and their zinc complexes on NF-jB binding to
DNA [5]. The zinc chelator compound number 4 showed a spe-
ciﬁc inhibitory eﬀect on the DNA binding of NF-jB, which
was reversed by the addition of zinc [5].We conﬁrmed these observations of zinc requirement for
NF-jB DNA protein binding in our previously published data
[7,8]. We observed that the binding of recombinant NF-jB p50
to DNA was decreased by chelation with chelating resin but
was completely reversed by the addition of zinc and ATP,
while other divalent cations such as iron, and copper did not
improve binding of NF-jB p50 to jB DNA element [7,8].
Although X-ray crystallographic studies of the DNA-(p50)2
complex do not reveal the presence of zinc [4], the studies of
Otsuka [5], Zabel [6], and our own studies with respect to
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Fig. 5. Eﬀect of DN IjB expression on IL-2 and sIL-2Ra production
in zinc-treated HUT-78 cells. Zinc-deﬁcient and zinc-suﬃcient cells
were transfected with either WT or DN IjB expression vector,
followed by 6 h of PMA/PHA stimulation. The supernatants were
harvested for IL-2 and sIL-2Ra assays by ELISA Kits.
B. Bao et al. / FEBS Letters 581 (2007) 4507–4511 4511recombinant NF-jB p50 binding to DNA and binding of
NF-jB to DNA in zinc treated HUT-78 cells [7], suggest that
NF-jB recognizes DNA by using zinc dependent motifs. Zinc
may also play a role in cross-linking or stabilizing the DNA
binding of p50 dimer [7].
We have also previously demonstrated that zinc increased
the expression of IKK-a, IjB-a, but not IjB-b and c in
HUT-78 cells [7]. Thus, zinc up-regulates NF-jB activation
in T helper cells, probably by IjB-a pathway. In the presentstudy, we demonstrate by IjB gene transfection study, that
zinc increased phosphorylated IjB-a protein, NF-jB translo-
cation and activation, the production of IL-2 and IL-2Ra in
WT IjB gene-transfected HUT-78 cells. The DN IjB gene-
transfection decreased phosphorylated IjB-a protein, NF-jB
translocation and activation, the production of IL-2 and IL-
2Ra in zinc-suﬃcient HUT-78 cells. Thus, zinc increased IL-
2 and IL-2Ra production by NF-jB activation, via IjB path-
way.
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